ABSTRACT: Gallium and several of its alloys are liquid metals at or near room temperature. Gallium has low toxicity, essentially no vapor pressure, and a low viscosity. Despite these desirable properties, applications calling for liquid metal often use toxic mercury because gallium forms a thin oxide layer on its surface. The oxide interferes with electrochemical measurements, alters the physicochemical properties of the surface, and changes the fluid dynamic behavior of the metal in a way that has, until recently, been considered a nuisance. Here, we show that this solid oxide "skin" enables many new applications for liquid metals including soft electrodes and sensors, functional microcomponents for microfluidic devices, self-healing circuits, shape-reconfigurable conductors, and stretchable antennas, wires, and interconnects. KEYWORDS: gallium, EGaIn, soft electronics, stretchable electronics, liquid metal, gallium oxide
■ INTRODUCTION
The thermal, electrical, mechanical, and optical properties of metals make them an important class of materials for a wide range of applications including communications (antennas), electronics (interconnects, electrodes, heat dissipaters, sensors), and optics (reflectors, metamaterials, plasmonic structures).
Metals that are liquid at or near room temperature are interesting because they are soft and can flow readily in response to stress. There are a number of applications that benefit from metallic components that are deformable, stretchable, injectable, or shape-reconfigurable. Examples include surface-renewable electrodes for polarography, soft sensors, electrical or optical components in microfluidic channels, and conductors in stretchable or reconfigurable electronics. Metals that melt at elevated temperature are also useful for forming metal parts and transferring heat (e.g., in nuclear reactors), but the focus here is on metals that are liquid at or near room temperature.
Most metals are solid at room temperature. Mercury, francium, cesium, gallium, and rubidium are all metals that are liquid below or near room temperature. Francium is radioactive and cesium and rubidium are both explosively reactive, so these materials are typically avoided. By process of elimination, that leaves mercury, gallium, and alloys of these metals for practical applications.
Applications that utilize liquid metals often use mercury (melting point −38.8°C), despite its toxicity, because the surface of gallium rapidly forms a passivating oxide layer in the presence of oxygen. This oxide layer is often considered a nuisance because it sticks to many surfacesmuch like wet paintwhich makes gallium difficult to use for fluidic applications. 1 The oxide also provides a physical, chemical, and electrical barrier that prevents the metal from making direct contact with its surroundings. In addition, the oxide interferes with electrochemical measurements, which makes gallium difficult to use for electrochemistry. 1 As a consequence, mercury has historically been used for applications such as thermometers, barometers, dental amalgams, and as electrodes in voltammetric experiments (i.e., polagraphy). More recently, mercury has been used at the microscale for micropumps, valves, and optical switches. 2−5 Mercury has two principal disadvantages: (1) it is toxicexposure can take place through inhalation of its vapor or adsorption of soluble forms of mercury through the skin 6 and (2) it has a very large surface tension (>400 mN/m), which generally limits it to spherical shapes. Thus, there is motivation to use alternatives to Hg.
■ GALLIUM AND ALLOYS OF GALLIUM
Our group and others have been studying gallium and its alloys as a promising class of liquid metals. Although there have been many studies on gallium since its discovery in 1875, the advances highlighted here are distinguished by the importance of the oxide layer that forms on the metal. The properties of Ga and its oxide layer make it a compelling material for a number of new applications:
(i) Gallium has a low bulk viscosity (approximately twice that of water).
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(ii) Gallium has essentially no vapor pressure. It can consequently be handled as a liquid in ultralow vacuum chambers. There is also no danger of inhalation in a laboratory environment or in an application space. (iii) It has metallic conductivity that is an order of magnitude lower than copper, but orders of magnitude larger than other liquids such as salt water. 8 Its conductivity in the liquid state is larger than the solid state. 8 (iv) Unlike Hg, it has low toxicity 9 and gallium salts have been utilized as magnetic resonance imaging (MRI) contrast agents and in pharmaceuticals, 10 although certain complexes of gallium have notable toxicity.
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(v) It expands when frozen by ∼3.2 vol %. 12 (vi) It can supercool far below its melting point (mp 30°C ). 13, 14 (vii) It alloys with many metals and can make electrical contacts to organic materials. 15, 16 (viii) The surface oxide has mechanical properties that impart the metal with non-Newtonian rheological properties. These properties allow it to be molded into nonequilibrium shapes, which is the basis for many of the applications described in this spotlight. Like aluminum, gallium rapidly forms a thin oxide layer on its surface when exposed to ambient oxygen. 17 This oxide layer is thin (∼0.7 nm according to X-ray diffraction studies done under vacuum conditions 18 although it is likely thicker under laboratory conditions 19, 20 ) and does not grow significantly thicker over time in dry air in the absence of a driving force or physical perturbation. 18, 21 It forms on alloys of gallium as long as the concentration of oxygen is greater than ppm 22 levels and forms almost instantly in air at ambient conditions. Importantly, the oxide skin mechanically stabilizes gallium in stable, nonequilibrium shapes. 23, 24 Normally, a low viscosity liquid with large interfacial tension will bead up to minimize interfacial tension. In contrast, Ga can be molded into nonspherical shapes that are stabilized by the oxide skin, as shown by the cone shape in Figure 1a .
In the absence of the skin, the metal beads up (Figure 1d ) because of the large surface tension of Ga and its alloys (>500 mN/m). 25 The skin is amphoteric and can be removed at pH < 3 or pH > 10, according to the Pourbaix diagram. 26 Gallium has a melting point of 30°C, but can remain as a liquid at room temperature because of its ability to supercool. Various metals (e.g., indium, tin, zinc) alloy with gallium and depress the melting point below room temperature. 12, 17 Two of the more popular, commercially available alloys are Galinstan (an alloy of Ga, In, Sn) and EGaIn (75 wt % Ga, 25 wt % In). Although Galinstan has a lower melting point, our group has focused on EGaIn (melting point, 15.7°C) because it is easier to study the behavior of a binary system than a ternary system. Despite the presence of indium, the surface oxide is composed primarily of oxides of gallium. 23 As a result, most of the applications described herein can likely be carried out using liquid Ga or any alloy of Ga that forms a surface oxide.
Rheology. The applications described in this spotlight article rely on the ability to manipulate liquid metal into nonequilibrium shapes due to the presence of the oxide. Rheological studies reveal how the metal coated with the oxide responds to stress. 23,27−29 It is not the intent of this spotlight to review thoroughly the rheological behavior of the metal, but understanding aspects of the rheology at a basic level helps explain the applications highlighted herein. Figure 2a is a depiction of one such experiment where an oscillating top plate and a stationary bottom plate sandwich a sample of EGaIn. Because the bulk viscosity of the metal is low, the oxide dominates the mechanical resistance to oscillation of the top plate. Increasing the amplitude of oscillations at constant frequency allows for the extraction of stress−strain relationships of the oxide and thus, the mechanical properties of the oxide. Figure 2b plots the surface elastic modulus versus surface stress. Below a critical yield surface stress (∼0.5−0.6 N/ m), the skin is elastic and stable, which is critical for patterning the metal into nonequilibrium shapes. Above the critical yield stress, the skin ruptures and the metal flows readily.
Patterning. The applications described in this spotlight article rely critically on the ability to pattern the metal. Perhaps the easiest way to pattern the metal precisely on the sub-mm length scale is to inject it into microfluidic channels. To a first approximation, the pressure required to induce the metal to flow is proportional to the yield stress and inversely proportional to the channel dimension. 23 Above this pressure, the metal flows readily due to its low viscosity. Below this pressure, the metal maintains its shape in the microchannel due to the oxide skin, which mechanically stabilizes it. The pressure required to induce flow is modest and can be achieved by hand using a syringe (e.g., injecting into a capillary with a 10 μm diameter requires ∼15 psi of gauge pressure). Figure 3 is a photograph of a microchannel filled with liquid metal.
The oxide allows the metal to be patterned using many conventional techniques such as screen/stencil printing, 30−32 contact printing, 33 imprinting, 34 spray painting, 35 coelectrospinning, 36 vacuum filling, 37 writing with a pen, 38 and extruding directly onto surfaces. 39, 40 Recently, our group showed that it is possible to 3D print EGaIn to form out of plane structures. 24 The ability to print liquid metals at room temperature is important because it allows for metallic structures to be printed alongside temperature-sensitive materials such as plastics, organics, and biological materials. The other appeal of liquid metals as printable inks is that it may be possible to directly print soft or stretchable metallic components. Figure 4 shows images of freestanding liquid metal structures resting on a substrate. These structures may be generated in four different ways: (i) By rapidly applying a burst of pressure to the syringe, a fine fiber of metal (diameters as small as 10 μm) emerges from the syringe, as shown in Figure 4a . These fibers are stabilized against capillary instabilities by the presence of the oxide, as shown in Figure 4b. (ii) By drawing a liquid metal cylinder from a syringe to form wires, as shown in Figure  4c . The process begins by contacting a droplet on the end of a syringe to a substrate. If the droplet sticks to the substrate, increasing the distance between the syringe tip and the substrate generates a tensile force that yields the oxide. Simultaneously applying pressure to the metal keeps the resulting wire from necking (i.e., collapsing) during formation. This same approach may be used for direct-writing the metal in 2D. 41 (iii) By stacking droplets on top of each other, as shown in Figure 4d . The droplets form at the tip of a syringe by applying small bursts of pressure inside the syringe to expel the metal. A motorized x-y-z stage positions the droplets, which stick to each other and release from the syringe tip. The presence of the oxide stabilizes these structures and thus prevents them from collapsing into a single bead. (iv) By injecting the metal into microchannels and then dissolving away the microchannels, as shown in Figure 4e .
■ APPLICATIONS
This section describes emerging applications of alloys of gallium enabled by the oxide skin. This section focuses primarily on work done in our groupfollowing the intent of a spotlight articlebut references other important work within this context.
Microfluidics. Microfluidics is an interdisciplinary field aimed to manipulate fluids on the sub-mm length scale. The ability to form stable, fluidic metallic structures in microchannels allows for the formation of functional components for microfluidic devices such as electrodes, microheaters, pumps, optical components, 42 heat transfer elements, 43, 44 and antenJu-hee So nas. 45 Electrodes in microchannels are particularly important for performing electrochemistry, sensing, and for applying electric fields (e.g., for inducing dielectrophoresis, electroosmosis, or electrohydrodynamics).
It is possible to use liquid metals to make metallic components that are inherently aligned with, and in direct contact with, microchannels. 46 Usually, metallic microcomponents fabricated by conventional microfabrication must be aligned with the microchannels, which is challenging because of the small length scales involved. The ability to inject the metal into channels makes it possible to form electrodes in a single step without the need for alignment. The electrodes can be brought into direct contact with the fluid of interest by using posts to separate the metal from the fluid. The oxide spans the posts, prevents the metal from flowing into the main channel, and stabilizes the electrodes mechanically. Figure 5 shows an example of these electrodes in microchannels. This strategy has been utilized for several applications including coulter counting, 47 valving, 48 electrohydrodynamic mixing, 46 stimulating neurons, 49 and pumping. 50 Our group, 51 and others, 52 have shown it is possible to use microfluidic flow focusingthe coflow of two immiscible fluids through an orifice in a microchannelto form liquid metal microdroplets. The use of a continuous phase that sheaths the metal prevents it from sticking to the channel walls. These colloids can form into stable oblong shapes because of the oxide, can be collected, and can be recovered completely into a single sphere of metal by exposure to acid, which removes the stabilizing oxide skin from each microdroplet. Figure 6 contains images of a flow-focusing device as well as spherical and oblong shaped particles of liquid metal that may be fabricated using this technique. We found that coating the droplets with a thin layer of polymer (poly(vinyl alcohol)) helped stabilize them from coalescence. Other groups have made stable liquid metal marbles 53 by coating the surface with smaller particles, or nanobeads by sonicating the metal in the presence of ligands that bind to the metal. 54 Liquid metal beads and droplets may be useful in self-healing composites, 55 for energy harvesting, 56 for heat transfer, 57 as microfluidic pumps, 58, 59 actuators, 60 as switches, 5 or as electrodes. 61, 62 Injecting liquid metal into microchannels also provides a route to form components for stretchable electronics, as described below. This topic has been covered in a recent review. 63 Electronics. Metals are useful in electronics as electrodes, interconnects, and antennas. The use of liquid metal allows for the formation of soft, flexible, and stretchable versions of these devices. The combination of these properties may be useful for creating functional components for the emerging fields of stretchable electronics, artificial skins, and soft robotics. 64−66 The metal can form soft metallic contacts for gently probing the electrical properties of thin films, 15,16 quantum dots, 61, 67 and self-assembled monolayers. 68, 69 The thin oxide layer does not interfere with sensitive electrical measurements such as the charge transport through self-assembled monolayers, because these monolayers are typically much more resistive than the oxide. 70 Multiple electrical contacts with controlled geometry may be formed by injecting the metal into microchannels placed on the substrates of interest. 71 The metal may also be used as stretchable electrodes for solar cells 72 and for electroactuation of elastomers. 73 Injecting the metal into elastomeric microchannels offers a way to make stretchable versions of electronic components. For example, it is possible to form stretchable interconnects 74−77 and sensors. 78−82 Our group 83 and others 84−86 showed that it is possible to form stretchable antennas using the metal. A variety of antennas are possible including patch antennas (useful for GPS), 87 phase-shifting coaxial cables, 88 coil antennas (useful for wireless power transfer), 89 unbalanced loop antennas, 84 frequency selective surfaces, 90 and plasmonic structures.
91,92 Figure 7 shows photographs of several examples of liquid metal antennas. Antennas and resonant structures are a compelling application of liquid metal because their resonant frequency depends on their shape. For example, elongating a dipole antenna via stretching lowers the resonant frequency in a predictable manner; in that sense, the antenna itself is a sensor. Changing the dimensions of a microchannel via physical deformation changes its electrical resistance, which can be harnessed for sensing. 93 Other groups have utilized this principle to make sensor components for detecting deformation, curvature, pressure, and strain for applications including electronic skin and soft robotics.
78−81,94−96 Figure 8 contains images of soft sensors of pressure and strain formed by injecting metal into elastomeric microchannels.
It is possible to make stand-alone wires by injecting EGaIn into hollow fibers composed of elastomer. 97 These fibers are highly stretchable and maintain metallic conductivity up to 700% strain, as shown in Figure 9 . Stretchable, conductive composites often consist of solid conductors dispersed in elastomers and therefore undergo a trade-off between their ability to be stretched (favored by low solid content) and conductivity (favored by high solid content). The liquid metal wires disrupt this trade-off because they have the same mechanical properties with and without the liquid metal. The fibers are created in a high throughput manner (thousands of meters per minute) using melt processing. The same stretchable materials can be rendered into 2D microfluidic channels 98 and the use of microstructured elastomers can increase the stretchability. 77 In the previous examples, the metal is simply serving as a conductive element. The metal can, however, be utilized in a more active way to create soft electronic devices. Combining the metal with hydrogel allows for the creation of memristor (memory-resistor) devices 99 and diodes 100 composed almost entirely from liquids, since hydrogels are largely composed of water. Figure 10 shows photographs of these devices. These soft devices have the appeal of being matched mechanically to biological systems, built largely from biocompatible materials (hydrogels), operate in an aqueous and ionic environment, and in the case of the memristors, use hysteretic memory; the brain also uses hysteretic memory and memristors are proposed to replicate their behavior. The details behind the operation of these devices are complicated, but may be understood simply as employing interfacial electrochemistry to control the thickness of the oxide. Contacting the hydrogel to the liquid metal allows for electrochemical reactions to occur at the interface. Oxidative bias causes the oxide to thicken (i.e., anodization) and thus become more resistive. Reductive bias causes the oxide to thin and thus become more conductive (between the metal and the gel). Figure 9c shows the changes in conductivity of individual junctions of the device depicted in Figure 9a , b. The memristor assigns the resistive and conductive states as the 1 and 0 necessary for digital memory. The diode works under a similar principle in which the current between the liquid metal and the gel depends on the polarity of the electrode.
Reconfigurable Devices. Because the metal is a liquid, it can change its shape in response to pressure or other stimuli that induce it to flow. We demonstrated shape reconfigurable antennas that change shape, and thus spectral properties, in response to pressure. 101 These antennas employ polymeric posts that obstruct flow in the microchannels and control how far the metal flows into the channels. Placing the posts closer together increases the pressure required to flow the metal past the posts. The concept can also be utilized for other electronic structures, such as electronic filters 102 and resonant structures. 103 Multiple rows of posts allow for multiple lengths to form based on the applied pressure to the metal. Other groups have utilized nonwetting microchannels (e.g., Teflon) or acidic environments to move slugs of the metal to create reconfigurable devices; these approaches, and others, are discussed in the outlook.
Self-Healing. Gallium alloys can form self-healing wires that regain electrical conductivity after being cut. We formed selfhealing wires by injecting EGaIn into microchannels composed of self-healing polymer, as shown in Figure 11 . 104 The resulting wires are stretchable because the polymer is stretchable. When the wires are cut entirely apart by a razor, the rapid formation of the oxide allows the liquid metal to remain stable in the channels and stay flush with the interface generated by the cut. Pressing the severed wire back together physically reunites the metal and regains conductivity while the polymer self-heals via hydrogen bonding. 105 It is also possible to make self-healing wires by dispersing liquid metal droplets in polymer placed over conductive traces of gold. 55 When cut with a razor, the gold breaks, but liquid metal releases from the polymer matrix, contacts the resulting gap, and alloys with the gold to regain conductivity along the original gold pathway. Gallium alloys also form self-healing electrodes for lithium batteries. 106 Optics. Injecting the metal into microchannels forms microscale mirrors that align inherently with other microscale components in the device based on the shape and location of the microchannels. 42 Moreover, compressing the channels causes these mirrors to become reflective diffraction gratings. The strain causes the walls of the channel to buckle due to the presence of a thin, rigid silicon oxide layer on the walls and thereby creates periodic structures that have diffractive properties. These microstructures can switch between a diffractive and a spectrally reflective state by applying and relieving applied strain, respectively. The ability to easily form components with these properties may be useful for the field of optofluidics. 107 As discussed in the electronics section, liquid metals may also be utilized for RF antennas, frequency selective surfaces, and plasmonic devices. 91, 92, 103 ■ OUTLOOK, CHALLENGES, AND OPPORTUNITIES The ability to pattern liquid metals into useful shapes has resulted in a number of new applications described in this spotlight. More applications will likely emerge as other researchers become familiar with the capabilities of liquid metals based on gallium and as patterning methods improve.
There are several challenges associated with these alloys. Although the amounts of material needed for the microscale systems described herein are small, there is interest in finding alternative inks or strategies that provide the benefits of liquid metals without the added cost. Gallium is currently $0.2−1.0 per gram. 108 Gallium is also an order of magnitude less conductive than common metals, such as copper, which may be a limit for demanding applications.
Although great progress has been made in patterning liquid metals, greater control needs to be developed to provide finer features with well-defined geometries and minimal line edge roughness. A challenge (and opportunity) is that the oxide sticks to many surfaces and the metal can be difficult to handle; the metal is much like wet paint in that sense. It also alloys with many metals, which provides an opportunity to make ohmic contacts, but also can be destructive (e.g., it can cause embrittlement or dissolve other metals) if the metal unintentionally wets solid metallic parts. Understanding and controlling these interactions are important for practical devices.
Most of the work with Ga in microchannels has focused on micrometer-to millimeter-scale features. Ga has been placed inside carbon nanotubes, which is useful for nanoscale thermometers 109−111 and suggests that it may be possible to pattern the metal into smaller features, which could enable new opportunities for these metals.
Perhaps the most exciting opportunity with liquid metal is the ability to reconfigure its shape for shape reconfigurable electronics (e.g., switches, reconfigurable antennas, reconfigurable circuits). Reversibly manipulating the shape of gallium is a challenge due to the "sticky" nature of the oxide and thus Hg is often utilized for reconfigurable circuits. 112 It is possible to keep gallium from sticking to surfaces by exposing it to acid, 113 but the corrosive nature of acid is limiting. Figure 12 shows one such exampledone in collaboration with Heikenfeldin which vacuum pulls metal (in the presence of acid) vapor into relief features to create reconfigurable antennas. It may be possible to avoid the use of corrosive environments. For example, others have shown that rough surfaces can change the wetting behavior of the metal. 114, 115 Gallium also does not stick readily to certain polymers, such as Teflon, but there are questions about whether gallium sticks after many cycles of motion across these types of surfaces. Recently, our group showed that it is possible to use electrochemistry to remove or deposit the oxide using low voltage as a means of controlling its shape and fluidic behavior. There are opportunities for interfacial scientists to study the complex interplay between the metal, its oxide, and supporting substrates (and surrounding fluids) on the wetting properties of this system of materials. The mechanical properties of the oxide make classic measurements of interfacial properties (e.g., contact angle, pendant drop, sessile drop) difficult to interpret because the fluid cannot always adopt a shape that minimizes interfacial energy. In addition, the oxide skin can break during sample preparation, exposing new metal that can react with air, which results in a dynamic interface.
Finally, our group has recently shown that the surface oxide on EGaIn lowers the interfacial tension of the metal, similar to a surfactant. 116 Electrochemical reactions can remove or deposit the oxide and thereby tune the interfacial tension from >500 mN/m to near zero using less than a volt. The ability to tune the interfacial tension so dramatically has only begun to be explored and represents a promising approach for tuning the interfacial behavior of the metal. Figure 13 shows several examples of how the metal changes shape in electrolyte (1 M NaOH) in response to oxidative potentials (∼1 V).
■ CONCLUSION
This spotlight article focuses on recent applications of liquid metals based on gallium. These metals are interesting because they are liquids with bulk viscosities similar to water, yet can be manipulated into shapes that render them useful for a variety of applications including microfluidics, soft and stretchable electronics, optics, and reconfigurable devices. The metal can be patterned into nonequilibrium shapes because of a thin oxide that forms spontaneously on the surface of the metal. The oxide layer, once considered a nuisance, enables new opportunities for liquid metals and new challenges for interfacial scientists.
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